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It is now generally acknowledged that during fertilization of the metazoan 
egg an hydrolysis of large molecules occurs yielding products which are utilized 
for the synthesis of new substances.  To what extent this or a  similar process 
might be related to the synthesis of proteins during cleavage and development 
of the fertilized Arbacia  egg is the subject of the present  report.  In the per- 
formance of the experiments to be described, fertilized and unfertilized eggs of 
Arbacia  punctulata  were  introduced  into  sea  water  containing  an  excess  of 
deuterium  oxide.  The  concentration of deuterium  stably bound  to  egg pro- 
teins was then measured as a function of time. It was observed that deuterium 
was rapidly and extensively incorporated into stable positions on the proteins 
of fertilized eggs,  and slowly into proteins of unfertilized eggs.  The results of 
these experiments  have been interpreted  to suggest that  coincident with the 
formation of the sea urchin blastula, hydrolysis and synthesis of proteins take 
place  simultaneously,  leading  ultimately  to  a  redistribution  of amino  acids 
among the constituent proteins. 
EXPERIMENTAL 
Heavy water (99.8 per cent deuterium)  was rendered  isoionic with  respect  to sea 
water by mixing with  an appropriate  amount of concentrated  van't Hoff solution. 1 
To 1 volume of this mixture were then added 4 volumes of filtered sea water,  result- 
ing in a deuterium  concentration  in the final solution of  10.0 atom per cent excess. 
Since fertilization  did not take place in this solution, eggs were successfully fertilized 
by the addition  of sperm to a suspension of eggs in fresh sea water. Fertilization  with 
sperm was also found to be unsuccessful in van't Hoff solution and in Seitz-filtered sea 
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a van't Hoff solution contains  2 gm. CaC12, 2.2  gin. KC1, 7.8 gm. MgCI~, 3.8 gin. 
MgSO4, and 100.2 gm. NaCI i~a 1000 ml. of water. 
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water.  Failure  to achieve fertilization  in the experimental  medium cannot therefore 
be ascribed to the deuterium  content of the water. 
After resuspending  the  eggs several  times  in filtered  sea  water,  2 ml.  of a  con- 
centrated egg suspension was delivered into 20 ml. of the isotopic sea water contained 
in 6 inch Petri dishes. The deuterium  concentration  of the final suspension was 9.t 
atom per cent excess. 
Appropriate controls  were employed  to compare  the development  of eggs in the 
heavy water medium  with  the development  of those  suspended  in fresh sea water. 
Similar steps were taken to compare the appearance of the unfertilized eggs suspended 
in the two media. 
At designated times eggs were collected from the dishes, packed by centrifugation, 
and preserved  in 95 per cent ethanol.  At a later time  the alcohol was removed  by 
decantation,  and the residual material  was extracted  three times with large volumes 
of cold 5 per cent trichloracetic  acid, and three  times  each with  50,  70, and 95 per 
cent ethanol.  This procedure  was followed by extraction  for 2 hours  with boiling 
3:1 ethanol-ether.  After drying for 48 hours at S0  ° in ~acuo over phosphorus pentoxide, 
the material,  consisting mainly of egg proteins,  was burned in a combustion furnace. 
The water formed  was decomposed to hydrogen using  the procedure  of Graft  and 
Rittenberg (1). The deuterium  concentration  of the hydrogen was then determined 
by analysis in a mass spectrometer. 
RESULTS 
The results of the deuterium analyses are shown in Fig.  1. It will be noted 
that for the first 3.5  hours the difference in the rates of uptake of deuterium 
kuto  fertilized and  unfertilized eggs is not striking.  However, 3.5  hours after 
fertilization a steep rise in the rate of incorporation of the isotope occurs. It is 
noteworthy  that  this  acceleration  is  coincident  with  the  formation  of  the 
blastula. 
Comparisons of  the  developmental  stages  of eggs in  fresh  sea  water  with 
those suspended in isotopic sea water showed that in the latter cleavage lagged 
by approximately  one  stage.  It was  also  observed  that  cytolysis was  more 
marked among the experimental eggs than among the controls. The observed 
rates of deuterium uptake are therefore less than might be found under optimal 
conditions. 
The material subjected to deuterium analyses consisted for the most part of 
egg proteins. The extraction of eggs with aqueous trichloracetic acid removed 
not  only non-protein nitrogen and  carbohydrates,  but  in  addition  served  to 
remove, by exchange with the hydrogen atoms of water, those deuterium atoms 
in amino and carboxyl groups. The observed incorporation of deuterium thus 
represents the binding of deuterium atoms in stable positions in the proteins 
and nucleic acids of the eggs. 
In view  of  the  relatively  small  amounts  of  nucleic  acids  present  in  this 
material, the contribution of deuterium from this source may be assumed  to be 
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Had  the  experiment been  prolonged  the  deuterium  concentration  of  the 
proteins  of  the  developing  egg  would  eventually reach  a  maximum  value 
determined by the ratio of the number of deuterium atoms  occupying stable 
positions in the proteins to the total number of stably bound hydrogen atoms, 
and by the concentration of deuterium in the medium. Assuming that after 
the first 3.5 hours the specific rate of uptake of deuterium remained constant, 
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FIG.  1.  Incorporation of stably bound deuterium into proteins of fertilized  and 
unfertilized  Arbacia  eggs. 
and that the total mass of protein remained constant, the maximum deuterium 
concentration (C~az.) may be estimated by evaluating the formula  2 
C,,,~.  =  (Cl)V(2G-  G)  (1) 
in which  (71 and C~  are  the  concentrations of deuterium at  times tl and  Is, 
respectively, and  t2  =  2tl.  Cm,x. is  thus  estimated  to  be  approximately 0.9 
atom per cent excess, or  10 per  cent of the deuterium concentration of the 
2 Equation 1 is obtained from the expression 
k  =  1/t In Cm,x./(Cm~,.  --  C) 
The derivation of Equation  2 follows readily from the assumptions  mentioned  in 
the text. 642  DEUTERIUM  UPTAKE  INTO  PROTEINS  OF  ARBACIA  EGGS 
water. Stated in other terms these results show that at the time of complete 
turnover of the proteins of the fertilized eggs,  at least one out of every ten 
stably bound hydrogen atoms is a deuterium atom. 
DISCUSSION 
The introduction of stably bound deuterium into proteins might conceivably 
be  brought  about  by  catalyzed exchange  reactions  between  the  deuterium 
atoms of water and carbon-bound hydrogen atoms of protein molecules,  or 
indirectly through the  intervention of mechanisms resulting in  the  labeling 
of  peptide  or  amino  acid  precursors.  Efforts  to  demonstrate  an  exchange 
between stably bound hydrogen atoms of proteins or peptides and water have 
so far met with failure; for example, neither casein nor carbobenzoxyglutamyl- 
amide incorporates deuterium in stable positions when exposed to the action 
of suitable proteolytic enzymes in a  system containing heavy water  (2).  On 
the other hand, the exchange of the hydrogen atoms of water for the a-hydro- 
gen atoms of several amino acids has been clearly demonstrated in transamina- 
tion reactions (3).  Of particular interest in this regard is the fact that lysine, 
which is not susceptible to transamination in animal tissues (4), does not con- 
tain deuterium when isolated from the proteins of mice enriched with heavy 
water  (5).  In addition to  the  mechanisms of transamination and reversible 
deamination and reamination, the incorporation of deuterium in the a, ~, and 
positions in amino acids in equilibrium with the keto acids of the citric acid 
cycle might well be  anticipated  to  occur  in  consequence  of enolization.  In 
this connection attention is  called to  the  fact that Arbacia  eggs have been 
shown to yield a  cell-free system which utilizes substrates of the tricarboxylic 
acid cycle  (6).  The  foregoing considerations therefore  strongly suggest that 
the incorporation of carbon-bound deuterium in proteins is accomplished by 
the labeling of amino acids prior to' their utilization in protein synthesis. 
Since the  concentration of amino acids in unfertilized eggs would hardly 
seem sufficient to account for the amount of protein synthesized during de- 
velopment, the substrates utilized for protein synthesis must be formed by the 
hydrolysis of a portion of the egg proteins. The high value of Cm~x. obtained 
in the present study indicates that the hydrolytic products used for the syn- 
thesis of proteins are amino acids. Thus at the time of formation of the blastula 
and in  the  ensuing period  of development, hydrolysis and synthesis of pro- 
teins  would  ultimately lead  to  a  redistribution  of  amino  acids  among  the 
proteins of the embryo. It would seem to be significant that these changes in 
protein architecture appear  to be  accomplished by complete hydrolysis and 
total resynthesis rather than by incomplete hydrolysis followed by reorienta- 
tion and condensation of peptides. 
Assuming that  the  rate  of deuterium uptake  is a  measure of the rate  of 
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may be used to estimate the rate of protein turnover. The value obtained by 
substitution  of the  pertinent data  in  this  equation  is  3  per  cent  per  hour, 
corresponding to a  half-time of turnover of approximately 1 day. This would 
seem to be a value entirely consistent with the known rate of formation of the 
pluteus. 
The  biological  significance of  the  deuterium  uptake  into  the proteins  of 
unfertilized eggs is difficult to appreciate at this time. The apparent leveling- 
off of the rate of incorporation of deuterium may be an artifact, since cytolysis 
of the unfertilized eggs was prominent even as early as 7 hours after the eggs 
had been collected. A more detailed study of this phenomenon is anticipated. 
SUMMARY 
When fertilized  and unfertilized  eggs of Arbacia  punclulala  are suspended in 
heavy water, deuterium is incorporated into stable  positions  in the egg pro- 
teins.  The rate  of incorporation of the isotope  is considerably greater in fer- 
tilized  than in unfertilized  eggs,  and is  accelerated  at the time of  forination  of 
the blastula.  The result  of calculation  of the maximum  deuterium concentra- 
tion  which would be reached on complete turnover indicates  that at least  one 
out  of  every ten  stably  bound hydrogen atoms of  the  egg  proteins  is  a deuterium 
atom. This  has been interpreted as evidence that at the time of formation of the 
sea urchin blastula and in the period of development which follows, synthesis 
and  breakdown  are  simultaneous  processes leading  to  the  redistribution  of 
amino acids among the egg proteins. 
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